Synopsis: Korea's superconductivity technology in the power sector has progressed rapidly since the launch of the 21 st Century
Introduction
Korea's power system has been uniquely developed as a stand-alone system that operates unconnected to any other country. Because of security reasons and environmental requirements, most power plants are located to the west, south and on the east coast of the Korean peninsular, and all of them are far from Seoul. On the other hand, the power demand is highly concentrated in Seoul and close outlying areas; the overall population of which is approximately 20 million people, half of the total Korean population. Another area of high power demand is the southeast corner of the peninsula; the industrial belt, including the city of Busan. Overall power demand has continued to increase steadily in accordance with economic growth, and a significant number of new power plants and transmission lines have been built during the last decade. 1) Most of the power plants are large-sized for economic operation. The generators are mostly of the 1/2-GVA or higher power class, including many 1-GVA generators. It is not possible to locate major facilities such as power plants and substations near cities. In addition, the power grid in Korea is made up of relatively short transmission lines and operated in a mesh network to enhance the reliability and flexibility of power transmission. The main power grid, which is operated at 345 kV and strongly networked, reaches throughout the entire country. Sub-networks, at 154-kV, assist the main networks by providing utility transmission. The 154 kV lines are also to be networked, but operated un-networked from place to place.
This plan has raised many questions regarding related problems, and stronger environmental requirements have been introduced as requirements. For instance, it is becoming more difficult to construct not only the overhead lines, but also underground tunnels for power transmission in metropolitan areas. Likewise, they citizens are against constructing substations inside the city limits. Therefore, many substations have been rebuilt as in-house substations. This has resulted in an increase in short-circuit capacity, causing greater fault currents that might exceed the interrupting rating of the existing power circuit breakers in a significant number of substations.
Superconducting power technology is considered to be one of the key technologies to handle this type of situation, as it offers higher efficiency than conventional facilities. In particular, it can enable the miniaturization of power equipment, which is critically important in highly populated areas such as Seoul. Being environmentally friendly is another advantage. These advantages promise innovations in power technology, leading to saving space, fewer tunnels, enabling the old ducts for power transmission to be retrofitted, and so on. The Korea Electrotechnology Research Institute (KERI) began devoting its knowledge to superconducting power technology research in the late 1980s, support being provided from Korea Electric Power Corporation (KEPCO). The topics were NbTi wire development, a 20 kVA superconducting generator, 0.5 MJ SMES and so on, all based on low-temperature superconductors. Most of the research conducted was at the academic level. In parallel, upon the discovery of high-temperature superconductors (HTS), the Ministry of Science and Technology (MOST) began supporting HTS research, mostly in the areas of 621 In this article, we review the recent progress in the R&D of applied superconductivity, including superconducting power technologies, in Korea. First, we discuss the research funds for R&D. Second, progress in the developed technologies for various superconducting power devices will be discussed. The large-scale magnets for the superconducting TOKAMAK, utilized in the country's fusion project will not be discussed in this article.
Funds for Superconductivity R&D
As mentioned above, there are two major funds providers: the 21CF Program and ETEP. The two organizations are independent of each other, but operate without redundancy in research projects.
21C Frontier Program for superconductivity
The 21C Frontier Program was established by MOST in order to stimulate interest in selected technological topics by independent management, promote concentration on said technologies and sustain support. There are 23 such programs in various fields, and applied superconductivity is one of them. The length of each program is three phases for 10 years. Each individual program is supported by an average of 9 million US$ per year from the government. One of the 21C Frontier Program themes is applied superconductivity: the dream of advanced power systems utilizing applied superconductivity technologies (DAPAS). The goal is to continue R&D and commercialize HTS products at the end of the program. This includes the development and commercialization of HTS wires, superconducting power devices such as HTS underground cable, HTS transformers, superconducting fault current limiters (SFCL) and HTS motors. The first phase targets the development of core technologies of the HTS wires and system technologies. The second phase is creating a precommercial pilot by improving the first phase and developing prototype devices. During the third phase, commercialization will be accomplished. The Center for Applied Superconductivity Technology (CAST) is the organization managing and supervising DAPAS.
The first 3-year phase of the DAPAS program started in September 2001 and was completed in June 2004. It achieved great progress in the level of superconducting power technologies in Korea, as will be discussed in the next section. The R&D budget of the first phase was 27 million US$ from the government and 12 million US$ from the private sector. During the first phase, to be developed were a HTS cable of 50 MVA at 22.9 kV, a single-phase 1-MVA HTS transformer working at 22.9 kV, both resistive and dc-reactor 6.6 kV/200 A fault current limiters , and a 100 hp HTS motor. Table 1 summarizes the R&D targets.
Another target was the development of 2 nd generation (2G) wire (or coated conductor, CC) . CAST considers that the 2G wire will take over the BSCCO tape market and eventually dominate commercial products; not only HTS power cables, but also transformers and other power devices in the future. Especially, it predicts the cross-over of production cost in $/kA�m between the BSCCO tape and 2G wire will come in the year 2007. The DAPAS target for the 2G wire is not much different from those of the USA and Japan in Ic and cost.
Superconductivity programs by ETEP
ETEP was established in 2002 after the deregulation of the power industry in Korea. Major tasks are public investments (infrastructure, regional power supply, electrical safety management, regional cooperation, etc.), demand-side management (DSM), renewable energy development, and so on. Power technology R&D is another major task of the office. ETEP R&D is strongly ETEP has its own R&D road map for superconducting power technology, and it encompasses all associated areas possible. Typical power equipment such as HTS cable, transformers, fault current limiters and motors are supported by the 21C Frontier Program. Therefore, the ETEP aims to support superconducting generators, magnetic separation, superconducting flywheel energy storage (SFES), superconducting magnetic energy storage (SMES), superconducting power quality, and so on. Materials are also supported if not overlapped with the 21C Frontier Program projects. Currently, the on-going ETEP projects are development of a 5 kW SFES, a 200 kVA HTS SMES and application for power quality, HTS cable testing and utilization, a coated conductor using CVD, and so on. The budget of the ETEP projects for superconducting power technology amounted to 6 million US$ for fiscal year 2004, which included 2 million US$ from the private sector.
The Progress of HTS Power Technology Development

2G HTS wires
HTS wire is the most fundamental component for most superconducting power facilities. As mentioned in Section 2, DAPAS actively supports the development of 2G wires, and has an ambitious target of developing and processing a 100 m -250 A/cm coated conductor by the year 2007. The coated conductor R&D in Korea has adopted both the IBAD and RABiTS approach for the texture template, and PLD, co-evaporation and MOD for the superconducting layer. One of the successful results so far was made by the co-evaporation of SmBCO on a CeO 2 -YSZ-CeO 2 -Ni template. The buffer layers were deposited on the textured Ni tape by sputtering and evaporation. The template tape was wound on a drum and placed in the co-evaporator using a drum in a dual chamber (CDDC) system for superconducting film deposition. The CDDC has two chambers for deposition and reaction. They made a 7.5 mlong tape having a T c of 92 K and Ic (at 77 K) of 97 A in a 4 m piece.
Another 2G wire group fabricated a 1 m coated conductor with an Ic of 26 A using an IBAD template and continuous PLD for the superconducting layer. A modified TFA-MOD process, which is more economical than what has been used, was developed and used to make a short length 2G wire.
After concluding that the 2G wires will dominate the commercial HTS conductor market in the future, great emphasis has been placed on the R&D of 2G wire. Most efforts, so far, have been directed to the design and construction of processing apparatuses that will be used to fabricate hundreds of meters of conductor. These efforts will lead to the successful development of 2G wires in Korea in the near future.
HTS cable
The high power rating and compactness of a HTS cable can save the need to build new tunnels and ducts when power demand has increased. Particularly, high power transmission using a HTS cable can simplify the transmission system. For instance, the current transmission system is 345 kV -154 kV -22.9 kV lines. KEPCO has a strong interest in achieving direct power transmission from the 345 kV line to 22.9 kV by applying HTS cables, eliminating the need to use the 154 kV transformers. There (2) Cable field testing and utilization The cable development has been carried out by KERI and LG Cable, the major cable manufacturer in Korea. They successfully developed a 22.9 kV, 3-phase HTS cable with the support of DAPAS. A 30 m-long HTS cable carries three phases in one cryostat. Table 2 shows the cable specifications. This cable was constructed by July 2004, and is currently under verification testing (Fig. 2) . It will undergo a long-term test from the middle of 2005. A HTS cable working at 154 kV will be developed in the 3 rd phase of DAPAS. Another project for HTS cable field testing and utilization, supported by ETEP, is in progress. The Korea Electric Power Research Institute, the research institution of KEPCO, is going to install a HTS cable in its test yard and operate it for a year. The installation is supposed to be completed by the summer of 2005. It is a 100 m-long cable having a power rating of 50 MVA at 22.9 kV.
HTS transformer
A HTS transformer was developed under the support of DAPAS. They constructed and tested a single-phase transformer having a power of 1 MVA at 22.9 kV, as shown in Fig. 3 . It adopted reciprocal winding for the transformer core. A HTS transformer based on the 2G wire will be attempted during the next phase of development.
HTS fault current limiter (SFCL)
Fault current limiters are used to protect the grid from surge currents. Two types of superconducting fault current limiters (SFCL) have been developed, a dc-reactor limiter and a resistive limiter based on YBCO films. Both devices are 3-phase, with power ratings of 6.6 kV/200 A (2.3 MVA).
The dc-reactor limiter is comprised of three major parts, a dc-reactor created using a superconducting coil made of BSCCO tape, a magnetic core, and a power converter made of SCR switches. This device was successfully tested and limited the fault current up to 5.6 kA.
Another success of SFCL was the development of a resistive limiter based on YBCO films (Fig. 4) . A 4-inch YBCO film was patterened to make a SFCL component of 600 V/35 A. The devices were then connected in series to increase the voltage rating, and connected in parallel to increase the current capacity. A 6.6 kV/200 A three-phase device was then successfully fabricated and tested in an accredited test facility. Figure 5 shows the line-to-ground fault test up to 10 kArms of potential fault current. It shows wonderful current limitation even at the very beggining of the fault. This proved that the maximum limited current does not exceed 800 A and was lowered to 300 A. This behavior is independent of the maximum fault current.
HTS motor
This project started in 2001 and the first-phase target is to establish the key technologies for a HTS motor and then develop a 100 hp HTS motor including technologies required for system operation. A unique rotor-cryostat 
SFES
This project is supported by the ETEP. The aim of the initial SFES project was to develop a flywheel system capable of storing 5 kWh of energy in the spinning wheel. First, a 300 Wh system with superconductor journal bearings (SJB) was developed (Fig. 6) . The wheel was made of carbon-fiber composites. Stability has been tested up to a speed of 28,000 rpm. The vibration amplitude at that speed was measured to be less than 25 �m, which is considered to be sufficiently stable. A 5 kWh system was designed and the components are being manufactured. The system will be tested next year. The final goal of the next phase is to build a 100 kWh SFES system by 2010.
Summary
Korea's superconducting R&D in the area of power technologies has a relatively short history. With the introduction of the 21C Frontier Program and the superconductivity project, DAPAS began supporting R&D for various fields, and remarkable progress has been made. Currently, overall activities are likely to catch up with the world's most advanced achievements. Large-scale support and strong motivation will produce successful technological advancements in selected sectors.
